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The morphology, dimensions and chemical composition of tribolayers strongly depend on
the  pressures and temperatures acting on the contact. They are formed by reactions between
surfaces in contact with each other as well as with the atmosphere, lubricants and possible
contaminants. In this paper, the inﬂuence of test time (180, 500, 1000 and 2500 h) on the
formation and characteristics of tribolayers in pairs of DLC-stainless steel that were tested
under an atmosphere of refrigerant gas R134a and without lubricating oil was analyzed. The
characterization was performed using scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDS) (morphology and chemical composition) and white light interfer-
ometry (thickness). The tribolayer thicknesses ranged from 100 to 500 nm, and they were
composed of elements originating from mutual transfers between the tribological pairs, as
well as oxides that were more pronounced on the stainless steel surface. The results show
that the tribolayers are chemically stable, maintaining the same composition over time, and
their thicknesses remained constant after 1000 h of testing.© 2015 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. All rights reserved.
there are applications where the presence of oil is not feasible,1.  Introduction
A considerable fraction of the energy generated in the world is
lost due to friction and wear in mechanical systems. According
to Jost [1], it is possible to reduce these losses by up to 20%
through the application of existing knowledge and techniques.
 This paper was presented at the Second International Brazilian Con
Iguac¸u,  PR, Brazil.
∗ Corresponding author.
E-mail: diego.salvaro@gmail.com (D.B. Salvaro).
http://dx.doi.org/10.1016/j.jmrt.2015.10.008
2238-7854/© 2015 Brazilian Metallurgical, Materials and Mining AssociaFluid lubrication is widely applied to reduce friction and
wear. However, environmental factors will likely lead indus-
tries to reduce or even eliminate lubricating oils. Additionally,ference on Tribology – TriboBr-2014, November 3rd to 5th, Foz do
e.g., environments of high temperature and pressure that pro-
mote chemical degradation. Contaminant-free systems such
as those used for food and pharmaceutical equipment are
tion. Published by Elsevier Editora Ltda. All rights reserved.
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the tested atmospheres.Fig. 2 – Possible tribolayers highlighted in red.
lso applications where dry lubrication would be of beneﬁt [2].
herefore, improving the tribological performance of mechan-
cal elements is a prerequisite for the development of new
roducts and manufacturing processes [3].
Oil-less tribosystems represent a new challenge for the
elds of surface science and engineering, stimulating new
rojects on coatings and self-lubricating materials. Amor-
hous or diamond-like carbon (DLC) coatings have been an
mplemented in many  technological applications, such as,
ard coatings for tools, automotive parts, computer hard
2
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drives and microelectromechanical systems (MEMS). The
applications are mainly associated with the material’s hard-
ness, chemical inertness and capacity as a solid lubricant [4].
DLC consists of hydrogenated amorphous carbon alloys (a-
C:H), as shown by the ternary diagram in Fig. 1, where different
families of DLC are characterized by their percentages of sp2
and sp3 hybridizations, and hydrogen content [5]. Doping ele-
ments are additionally incorporated into DLC  to modify its
properties such as silicon (a-C:H:Si), which decreases the free
energy of the system and reduces residual stress in the coat-
ing by modifying its tribological behavior [6]. Other commonly
used dopants for DLC include tungsten, titanium, molybde-
num and chromium.
The low coefﬁcient of friction associated with DLC  is often
attributed to the tribolayer formation, which mainly results
from a transfer of material from DLC to the counterbody [6–8].
The genesis of these tribolayers is strongly dependent on the
environment. For atmospheres such as air, oxygen or nitrogen,
an increase of humidity usually reduces the friction coefﬁcient
of a DLC-steel contact [9,10]. In a study performed by de Mello,
Binder et al. [11], it was shown that the presence of a protec-
tive atmosphere (R600a) modiﬁed the chemical structure of
the tribolayer generated on the counterbody, thereby reduc-
ing the coefﬁcient of friction and the wear rate of the system
(DLC/steel AISI 52100). In another work performed by Demas
and Polycarpou [12], pin-on-disk tests were performed using
gray cast iron (pin and disk) without lubrication and under dif-
ferent atmospheres (O2, CO2, N2, Ar and R134a). Under an O2
atmosphere, the wear was governed by oxidation of the wear
track, whereas in air and R134a, the wear also contained an
adhesive component. Under a N2 atmosphere, the wear was
dominated by adhesion, whereas in CO2, there was a slight
polishing on the surface that removed only superﬁcial asper-
ities and resulted in the best tribological performance amongThe tribolayers settle on the real contact area and there-
fore dictate the tribological behavior of the tribosystems. Their
dimensions are modiﬁed on the nanometer scale, and this
b
2
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1
n the stainless steel surface. (a) 500 h, and (b) 2500 h.
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Fig. 4 – Scanning electron microscopy (SEM) images of tribolayers found in DLC.factor complicates an understanding of their formation and
stabilization. Tribolayers are formed from the physicochem-
ical interactions between surfaces in contact and relative
motion. Such interactions ranges from the mutual transfer
of materials to reactions between atmosphere, lubricants and
contaminants present in the region of contact [13].The contact conditions affect the formation and destruc-
tion of tribolayers, i.e., the stability of tribolayers, depends of
contact evolution. When the formation and destruction ratesof tribolayers acquire the same values, then the tribolayers
achieve a certain mechanical equilibrium, which, from the
point of view of tribological performance, is fundamental to
contact stability.
The present study uses widely available characteriza-
tion tools to evaluate mechanical and chemical long term
(up to 2500 h at 350 Hz) stability of tribolayers on a speciﬁc
pair DLC-stainless steel in a R134a refrigerant gas closed
system.
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.  Materials  and  methods
ribological pairs were formed by a AISI 52100 multilayer
CrN (1.5–2.0 m thick) – DLC (1.0 m thick)] coated piston
ø = 10 ± 0.05 mm × L = 30 mm)  and a AISI 304 stainless steel
ylinder (ø = 10 ± 0.05 mm × L = 35 mm)  coaxially coupled. The
pecially developed, proprietary tribometer was designed to
mpose a contactless reciprocating movement  (1.7 mm ampli-
ude and frequency of 350 Hz) in which there is no pre-deﬁned
ontact pressure. However, since the clearances are very tide,ges of tribolayers found in stainless steel.
some misalignment occurs, which generates contact in ran-
dom regions during movement  of the piston. The lateral forces
imposed are inferior to 15 N. The tests were carried out in a
hermetic chamber that allows for strict control of the temper-
ature (80◦ C) and atmosphere (21 Bar, tetraﬂuoroethane (R134a)
refrigerant gas).
Nine experiments were conducted: three, each with dura-
tion of 180 h, and two each for periods of 500, 1000 and 2500 h.Upon completion of the tests, the stainless steel cylinders
were sectioned to provide access to the contact areas. Stain-
less steel cylinders and DLC coated pistons surfaces were
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Fig. 6 – Variation of the carbon and chromium concentration outside (1) and inside (2, 3, 4, 5) of the tribolayer over DLC. (A)
Measurement location. (B) Evolution of C and Cr concentrations.
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Fig. 7 – Variation of the carbon, chromium and oxygen concentration outside (1) and inside (2, 3) of tribolayer over stainless
steel. (A) Measurement location. (B) Evolution of C, Cr and O concentrations.
tinuous and homogeneous aspect, while for longer times, it
begins to be degraded and presents a thinner and increasingly
fragmented aspect.
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Ocleaned with cotton and absolute ethyl alcohol. Generally
speaking, locating and identifying tribolayers in the darker
regions of the samples (highlighted in Fig. 2) should be easier.
The relevant regions were analyzed using scanning elec-
tron microscopy (SEM-JEOL JSM-6390LV).
For data acquisition of dimensional analysis, a white
light interferometer (Zygo New View 7300) was used.
MoutainsMap® software was employed to measure the aver-
age thicknesses of the tribolayers. The procedure consisted of
selecting two  regions, one within the tribolayer and a second
on the original surface, then calculating the average height
difference between these two regions. In Fig. 3, there are two
examples of thickness measurements of tribolayers from two
different tests (500–2500 h). Regions labeled 1 refer to the orig-
inal surface, and those labeled 2 refer to the tribolayer. Height
measurements were repeated ﬁve times at different points
within each region.
3.  Results  and  discussion
3.1.  SEM  and  EDS
Figs. 4 and 5 provide SEM images of typical tribolayers present
on DLC coated piston and stainless steel cylinder surfaces,
respectively. Although tribolayers were found in both sides of
the tribopair, they were more  pronounced on stainless steel
cylinder surfaces. On the left column, SEM images show that
topographic details of tribolayers in both DLC coated piston
(Fig. 4) and stainless steel cylinder surfaces (Fig. 5) differ fromthe original surfaces. Images in the right column of each ﬁg-
ure were obtained using backscattered electron data and the
contrast is indicative of variations in the average atomic num-
ber. The simultaneous analysis of the two aspects allows to
evaluate both the morphological (including topographic) and
chemistry evolution of the tribolayers.
For the case of the tribolayers formed on the DLC  coated
piston (Fig. 4) we note almost no tribolayer after testing for
180 h.
For 500 h testing the tribolayer is well formed with con-Fig. 8 – Evolution of carbon, chromium and oxygen
concentrations with test duration for tribolayers found on
stainless steel surfaces.
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ers that originated from the DLC coating. Fig. 9 shows theith test duration for tribolayers found on DLC surfaces.
Unlike, tribolayers formed in the stainless steel cylinder
Fig. 5), as already reported, are more  pronounced and well
eveloped even after 180 h test time. For the tests interrupted
n 500 h the tribolayers are quite heterogeneous and frag-
ented, whereas, for longer test times the aspect becomes
ncreasingly uniform and homogeneous.
The differences in concentration of carbon, chromium and
xygen outside and inside the tribolayer are displayed in
igs. 6 and 7. These values were obtained by dividing the
alue for each element by the highest observed concentra-
ion for each element (normalization). The carbon percentage
n DLC coated piston surfaces varied very little over all
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examined regions (Fig. 6). However, the carbon content inside
the stainless steel cylinder tribolayer was of note (Fig. 7), and
its origin may be associated with material transfer from the
DLC coating. The additional increased presence of oxygen in
this tribolayer clearly indicated an oxidation process in accor-
dance with the results of Wu, Pai and Hon [14].
Due to electron beam penetration, the substrate has a
direct inﬂuence on the EDS results. A reduction of the
chromium concentration on the contact regions of DLC coated
piston occurred due to coating wear, which allowed more
interaction between the electron beam and the substrate
atoms (AISI 52100) below the CrN layer. The chromium con-
centration on tribolayers associated with the stainless steel
cylinder decreased when compared with the original surface
(Fig. 7).
Fig. 8 shows the evolution of carbon, chromium and oxygen
concentrations with test time for tribolayers related to stain-
less steel cylinder surfaces. The atomic percentage of oxygen
slightly decreased for test times up to 1000 h, after which the
values remained almost constant. The same behavior was
observed for chromium;  however, the initial drop in signal was
more abrupt and occurred between 180 and 500 h. In spite of
the large dispersion presented by the amount of carbon, it was
possible to observe a reverse trend in relation to the chromium
evolution, indicating the formation of carbon-rich tribolay-evolution of carbon and chromium concentrations with test
time for tribolayers related to the DLC coated piston surfaces.
The same inverse behavior between carbon and chromium
69.1 µm
77.8 µm
inless steel surface: (A) 180 h and (B) 500 h.
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Fig. 11 – Average thicknesses of tribolayers on DLC and
rstainless steel.
concentrations was observed again, indicating a possible
mutual transfer of material between the surfaces [15].
Tribo-reactions that gave rise to the tribolayers were
active for up to a 1000 h of testing. After this time period,
the tribolayers remained relatively stable in terms of their
chemistry.
3.2.  interferometry
Fig. 10 shows the surface topography of tribolayers after 180
and 500 h of testing. After 500 h, the tribolayer was thicker and
showed large ﬂat areas that were probably because of the rel-
ative motion between surfaces in accordance with the results
of Olofsson et al. [16]
Fig. 11 shows the inﬂuence of the test duration on the thick-
nesses of the tribolayers. For extended test times (1000 h),
the average thickness of tribolayers varied little and stabi-
lized at a thickness of approximately 170 nm for DLC coated
piston specimens and 380 nm for stainless steel cylinder sam-
ples. Between 180 and 500 h of testing, there was a signiﬁcant
increase in the average thickness of the tribolayers found on
stainless steel cylinder from 200 to 500 nm;  from 500 to 1000 h
of testing the tribolayers decreased to an average thickness
of 400 nm.  The opposite trend was observed for tribolayers
located on the DLC coated piston. These data suggest the for-
mation and destruction of the tribolayers on both the body and
the counterbody until 1000 h, after which the morphological
modiﬁcations reached an equilibrium state.
4.  Conclusions
The present study, using widely available characterization
tools, evaluated mechanical and chemical long term (up to
2500 h at 350 Hz) stability of tribolayers on a speciﬁc pair DLC-
stainless steel in a refrigerant gas R134a closed system. The
main conclusions are:
1. The chemistry of the tribolayer (represented by the con-
centration of chromium,  carbon and oxygen) presented. 2 0 1 6;5(2):136–143
a signiﬁcant variation between 180 and 1000 h of testing.
After that time, the tribolayers remained relatively stable
in terms of their chemistries;
The same general behavior was presented by the thickness
of the tribolayer and resulted in a thicker layer on the stain-
less steel cylinder and a thinner layer on the DLC  coated
piston;
2. It is suggested that a mutual transfer of certain elements
between the two surfaces is at the origin of a mutual
destruction and formation of tribolayers until a stable state
was eventually reached.
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